Background: Post-transplant lymphoproliferative disorder is a well-recognized but rare complication of hematopoietic stem cell and solid organ transplant. Due to rarity of this disease, retrospective studies from major transplant centers has been the main source to provide treatment guidelines, which are still in evolution. The sample size of this study is among one of the largest study on PTLD till date reported throughout the world.
Background
Post-transplant lymphoproliferative disorder (PTLD) is a well-recognized complication of Hematopoietic Stem Cell Transplant (HSCT) and Solid Organ Transplant (SOT). It was first described in renal transplant recipients in 1968 by Doak et al. [1] and the term PTLD was first introduced in 1984 by Starzl et al. [2] . PTLD was classified as a separate entity for the first time in 2008 World Health Organization (WHO) classification of lymphoma [3] .
The reported incidence of PTLD varies in different transplant centers likely secondary to different immunosuppressive regimens, allograft types and patient population characteristics. PTLD following SOT occurs in up to 20% with the highest incidence in intestinal and multiorgan transplants (5-20%), followed by lung and heart transplants (2-10%) and then by renal and liver transplants (1-5%) [4] . Higher incidence of PTLD in heart, lung, intestinal and multi-organ transplants has been attributed to greater immunosuppression necessary to protect allografts in these patients [5] [6] [7] . In the pediatric population with SOT, PTLD incidence varies from 2.2% in the kidney to 15% in lung transplant recipients [8] . In contrast, PTLD incidence is about 4% after hematopoietic stem cell transplant (HSCT) [9] . Historically, mortality rates in SOT-related PTLD were 50-70% and up to 70-90% in HSCT, although recent data suggests that outcomes have been improving and comparable to SOT [10, 11] .
In the updated 2016 WHO lymphoma classification, PTLD has been subclassified as Plasmacytic hyperplasia PTLD, Infectious mononucleosis PTLD, Florid follicular hyperplasia PTLD, Polymorphic PTLD, Monomorphic PTLD (B-and T-/NK-cell types) and Classical Hodgkin lymphoma PTLD [12] . Diffuse large B-cell lymphoma (DLBCL) accounts for the majority of the cases of PTLD. Most PTLD cases are of B-cell origin while 5-10% can be T/NK cell or Hodgkin lymphoma type. About 70% of cases of PTLD is associated with Epstein-Barr virus (EBV), especially in cases which occur early after transplantation. Pathogenesis of the disease is linked to EBV proliferation in the setting of chronic immunosuppression leading to an inhibition of T cells immune function. However, in 30% of EBV-negative PTLD patients, pathogenesis is not clearly understood.
The primary goal of PTLD treatment is cure while retaining allograft function. Historically, reduction in immunosuppression (RIS) has been the primary mode of treatment. Current guidelines recommend RIS at lowest tolerated levels based on PTLD type, stage, critical illness and allograft risk and then monitoring closely for response and escalation of therapy in the case that RIS alone is not sufficient [13] . Efficacy of this modality depends on PTLD sub-types, disease extent and other prognostic markers [14] . Furthermore, the durability of response by RIS alone is maintained only in about 10% of the patients [2, 15] .
Choquet et al. conducted the first prospective (Phase II) trial of single-agent rituximab in SOT-related PTLD after the failure of RI [16] . At 1 year, the Overall Response Rate (ORR) was 34%, and Overall Survival (OS) rate was 67%. When applicable, single agent rituximab is now considered as the first option in low-risk or patients failing RIS. The initial response to rituximab alone as induction therapy is also noted to be a prognostic factor for PTLD [17] . Due to the toxicity of chemotherapy, it is usually reserved for patients with high-risk, aggressive disease or who failed modalities above including RIS and/or single agent rituximab [17, 18] . In adults, anthracycline-based chemotherapy regimens have shown good success for PTLD, and R-CHOP (rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisolone) is currently the preferred regimen for B-cell PTLD with ORR up to 90% [19, 20] . In the pediatric population, the chemotherapy regimen RCP (rituximab, cyclophosphamide, and prednisone) has shown a good response and is preferred regimen [21, 22] .
Due to the rarity of this disease, different transplant centers have reported incidence and outcomes and have identified several factors affecting prognosis. As University of Florida (UF) is one of the largest transplant centers in the southeastern United States, we here report our experience with PTLD which we expect will help in better understanding of this rare entity.
Methods

Study population and data collection
The study population was identified mainly from the patient database at UF Health using ICD 9/10 codes and also from United Network for Organ Sharing (UNOS). The studied patient population comprised of all patients including both pediatric and adults, with pathologically confirmed PTLD after SOT or HSCT.
The primary source of data collection was individual chart review by the study team, and no patient was contacted directly or indirectly for data collection. Data were collected in a Health Insurance Portability and Accountability Act (HIPAA) compliant data tool, Research Electronic Data Capture (REDCap) provided by UF. Data was collected for demographics, transplant and immunosuppression history, EBV and CMV serostatus, diagnosis, treatment and outcomes of PTLD.
Data interpretation and statistical analysis
Data were analyzed using SAS software 9.4 (SAS Institute, Cary, NC.) with the help of the UF department of biostatistics. Our primary outcome was overall survival (OS). A secondary analysis was then performed to identify factors affecting OS. The hazard ratio (HR) was calculated, and univariate and multivariate analysis was done. Disease outcome was measured as complete remission (CR), partial remission (PR), stable disease (SD) and progressive disease (PD). Disease control rate (DCR) and overall response rates (ORR) were also calculated. DCR was defined as the sum of CR, PR, and SD while ORR was defined as the sum of CR and PR.
Results
A total of 151 patients were identified as per study inclusion criteria. Patients with very limited records were excluded (n = 10), and so 141 patients were included for final analysis. These patients were diagnosed with PTLD over a period of 22 On univariate analysis for OS, we found that patient gender, age at transplant and PTLD diagnosis, performance status, IPI score, allograft type, recipient EBV status, multiple acute rejections prior to PTLD diagnosis, PTLD sub-type, extra-nodal site, immunosuppressive drug regimen at diagnosis, initial treatment best response were statistically significant prognostic factors (p < 0.05). On multivariate analysis age at diagnosis, recipient EBV status, bone marrow involvement, and initial best response were statistically significant prognostic factors (p < 0.05). Figures 2 and 3 shows KM analysis of other significant prognostic markers.
Demographics
Demographic profile of these 141 patients showed that 62.4% were males (n = 88) and 37.6% were females (n = 53). Racial distribution showed that 71.6% were Whites (n = 101) followed by 17.7% of Blacks or African Americans (n = 25) and rest others. 12.8% (n = 18) had a past medical history of malignancy before transplant. The median age at the time of PTLD diagnosis was 41.6 years (Range 1.8-79.4 years). Of these, the pediatric (< 18 years) population consisted of 38.3% (n = 54) while 61.7% (n = 87) were adults. Of the 141 patients, 16.3% patients (n = 23) were aged 65 years or above.
Prognostic impact
Our study revealed female gender as a better prognostic marker with HR of 0.553 (p: 0.0427, CI 0.311-0.981) while race and ethnicity were not statistically significant. A past medical history of malignancy showed a trend towards poorer prognostic marker but was not statistically significant.
Age at PTLD diagnosis was also statistically significant with pediatric patients having HR of 0.241 (p < 0.0001, CI 0.123-0.473) and elderly patients with HR of 3.543 (p < 0.0001, CI 1.894-6.628).
Transplant history
Median age at transplant was 33.3 years (range 1 month to 68 years). Median time from transplant to PTLD diagnosis was 4.1 years (range 1 month to 18.4 years). Type of organ transplant distribution is as detailed in Table 1 . Of 17 lung transplant patients 64.7% (n = 11) had single lung transplant while rest 35.3% (n = 6) patients had a double lung transplant.
Prognostic impact
Age at the time of transplant showed pediatric population has a better prognosis with HR: 0.207 (p < 0.0001 CI 0.105-0.407). Among adults, patients between 
EBV and CMV status
At the time of transplant, out of 141 transplant recipients, 58.2% (n = 82) were EBV seropositive while by the time of PTLD diagnosis 72.3% (n = 102) patients were seropositive for EBV. EBV serostatus of donors was mostly unavailable in records. Pathologic evaluation of tumor specimen for EBV showed, 56.0% (n = 79) were positive for EBV, 34.0% (n = 48) were negative and in 9.9% (n = 14) this information was not available. Epstein-Barr encoding region (EBER) in situ hybridization technique was used to identify EBV in the tissue specimen.
At time of transplant, CMV serostatus of recipients was positive for 39.7% (n = 56), negative for 52.5% (n = 74) and unknown for 7.8% (n = 11). CMV serostatus of donor was positive in 48.2% (n = 68), negative in 29.8% (n = 42) and was unknown for 22.0% (n = 31) patients.
Prognostic impact
The only significant poor prognostic factor was positive recipient EBV status with HR of 2.666 (p: 0.0127, CI 1.233-5.765). CMV status of either recipient or donor and the tumor EBER status were not significant.
Immunosuppression and rejection episodes
Induction immunosuppression for transplant were used in 30.5% (n = 43) patients. Prior to diagnosis of PTLD, 44.0% (n = 62) had history of acute allograft rejection and 16.3% (n = 23) had more than 1 episode of rejection. Chronic allograft rejection was noted in 9.2% (n = 13) patients. At the time of PTLD diagnosis, tacrolimus was the most common immunosuppressant used either alone or in combination (63.1%, n = 89).
Prognostic impact: Patient with history of single or multiple episodes of acute rejections were noted to have HR of 1.58 (p: 0.0961, CI 0.922-2.708) while patients with multiple episodes of acute rejections had statistically significant HR of 2.2 (p = 0.0073, CI 1.244-4.046). Chronic rejection had a trend of poor prognosis but was not statistically significant. Induction immunosuppression was not found to be significantly associated with OS.
Use of tacrolimus at the time of diagnosis either alone or in combination with other immunosuppression for maintenance immunosuppression had a good prognostic impact with HR of 0.476 (p: 0.0068, CI 0.278-0.815). Similarly, use of azathioprine showed good prognostic impact with a p-value of 0.0558, almost statistically significant (HR 1.719, CI 0.987-2.994).
Presenting characteristics
Median time from transplant to the diagnosis of PTLD was 4.1 years (range: 32 days-18.4 years). Early PTLD, defined as diagnosed within 1 year was noted in 24.8% (n = 35) patients while late-onset PTLD, which is defined as occurring after 1 year, was noted in 75.2% (n = 106) patients.
B-symptoms were present in 48.2% patients (n = 68) and fever was the most common B symptom noted in 39.0% (n = 55) patients. 90.8% (n = 128) had Eastern Cooperative Oncology Group (ECOG) performance status of equal or less than two.
CD20 status was positive in 73.8% (n = 104). Extranodal site was involved in 69.5% (n = 98) and most common extra nodal site GI tract (27.0%, n = 38). More than one extra-nodal site was involved in 22.7% (n = 32) and bulky disease (> 10 cm) was noted in 14.2% (n = 20) patients.
Prognostic impact: Early or late PTLD onset did not impact OS. The presence of B-symptoms was also not Table 2 shows the detailed pathologic distribution of study population along with HR of each sub-groups. DLBCL was noted to be the most common sub-type (42.6%, n = 60). 
Pathology
Treatment
Out of 141 patients, 4.3% (n = 6) patients did not receive any treatment as either patient declined treatment or were not considered to be candidates for therapy. Immunosuppression was reduced (RIS) in 77.3% (n = 109) patients, as the only measure or in combination with other treatment modalities. The upfront treatment approach is outlined in Table 3 .
After initial or upfront therapy, 32.6% (n = 46) patients needed 2nd line therapy, and another 9.2% (n = 13) needed third line therapy. Subsequent therapy was needed for patients who either progressed or relapsed after first line therapy and rarely for intolerance. At the end of the study, 60.3% (n = 85) eventually needed chemotherapy with or without rituximab as part of either first line, second line, or third line therapy. CHOP (± R) was the most common regimen used and was used in 28.4% (n = 40) of overall patients. Figure 4 shows patients in different groups needing second-line therapy as compared to the cumulative. 48.5% of patients treated with RIS alone as the first option needed further therapy. Similarly of all patients with monomorphic PTLD and treated with RIS alone, 37.1% of them needed further therapy. Table 4 shows distribution of different On subgroup analysis, this was again statistically significant in less aggressive PTLD group comprising of early lesions and polymorphic types of PTLD with HR of 3.765 (p: 0.0498, CI 1.001-14.161), but was not significant for monomorphic PTLD group.
Use of rituximab anytime during treatment either alone or with chemotherapy did not have statistically significant impact on OS and similarly use of CHOP any time during treatment was not statistically significant for OS, as compared to the rest of group.
Response
At the end of the study, 62.4% (n = 88) had complete response while 18.4% (n = 26) had progressive disease. ORR was 68.1% (n = 96) while DCR was 74.5% (n = 105). Table 5 shows patient outcomes at the end of the study.
57.4% (n = 81) patients were still alive at the end of study. Of these, 48.9% (n = 69) are alive without PTLD while 8.5% (n = 12) are alive with PTLD. 39.7% (n = 56) patients are deceased and status of 2.8% (n = 4) is unknown. Of deceased patients, 17.7% (n = 25) died due to PTLD or treatment related complications, 14.2% (n = 20) died of unrelated reasons while cause of death in 7.8% (n = 11) in not available.
Prognostic impact
After any kind of first-line therapy, patients who achieved CR had HR of 0.356 (p: 0.0006, CI 0.198-0.641) while Outcome based on PTLD subtypes Figure 6 shows distribution of final outcomes of different PTLD types as compared to cumulative group.
Graft outcome
After PTLD diagnosis, grafts survived in 82.3% (n = 116) and failed in 11.3% (n = 16) patients. During PTLD treatment 18.4% (n = 26) experienced treatment related graft rejection which led to graft failure in 4.3% (n = 6) patients while graft in 14.2% (n = 20) patient was able to be salvaged.
Prognostic impact
Rejection episodes during PTLD treatment did not impact OS.
Discussion
This retrospective study from a regional transplant center of South-East USA has a good sample size which is among one of the largest reported studies so far throughout the world. Our study identified multiple statistically significant prognostic factors which do impact overall survival and can help in establishing guidelines for further therapy of this rare disease. Table 6 shows comparative results of prognostic factors identified in previous major studies. We compared our results with findings of these studies. Certain prognostic factors are well known including age, performance status, extra-nodal site involvement, low albumin and IPI score. These findings represent age, extent and nutritional status which is expected to impact survival. In contrast to these known factors, albumin was not significant in our study. We found that female gender to have statistically significant better prognosis which was also noted by Jain et al. but was not statistically significant in that study [24] . The advanced stage of PTLD was not significant, but in PTLD types monomorphic PTLD did perform poorly which is known to be an aggressive form of PTLD with poor prognosis. T-cell PTLD was found to do poorly in some studies but not in our study [23, 30] .
The role of EBV is very well known in the pathogenesis of PTLD, but its impact on survival is still not clear. EBV positivity was reported to be a poor prognostic factor by Oton et al. [27] while non-EBV PTLD was seen as poor prognostic by Leblond et al. [23] and Kinch et al. [30] . Our study did find that EBV recipients tend to do poorly, but EBER positive PTLD had no significant impact on survival. These findings do support the role of EBV in the pathogenesis of PTLD, but its impact on survival needs to be studied further.
As seen in our study, the initial response to treatment has been seen as a prognostic value in studies done by Ghobrial et al. [25] and Maecker et al. [26] . This does show that patients who do not respond with early treatment options should be managed considering that they may have poor survival as compared to the rest of group.
Patients who were on tacrolimus and azathioprine for maintenance immunosuppression at the time of PTLD diagnosis performed better in this study and similar finding for tacrolimus was noted by Jain et al. [24] , although interestingly previous studies have also shown increased incidence of PTLD with tacrolimus use [7, 34] . The significance of allograft rejection episodes in PTLD incidence is well known [35, 36] but we also noticed that patients who had acute rejections, especially multiple rejections performed poorly, and similar findings were noted by Kremers et al. [35] . Transplant recipients who experience episodes of rejection often get increased immune-suppression for allograft protection. Our study findings signify the role of chronic immunomodulation over the years for these patients and need to be considered while selecting chronic immune suppressants and during rejection treatments. As noted in our study, patients who experience rejections and later on develop PTLD will tend to do poorly. We do recommend close follow up with immunologists or transplant teams who can navigate these patients through these complexities of immunosuppression management.
Rituximab use was seen statistically significant related with good prognosis by Oton et al. [27] and Evens et al. [29] . but not in other studies [25, 32] . In our study rituximab use was not associated with improved survival as compared to the rest of group. Strikingly in our study, we noticed that isolated use of Rituximab as upfront therapy had poor hazard ratio in the cumulative group as well less aggressive subgroup comprising early lesion and polymorphic PTLD. We could not identify any factor which could explain this finding as patients who received Rituximab alone had comparable performance status and disease status to rest of group. They had a poor initial response which in itself is a poor prognostic finding in our study. These findings support further studies looking into the role of rituximab in PTLD, especially isolated use without other chemotherapeutic agents. Although CHOP (± R) was noted to be the most common regimen used, we did not find any statistically significant results of CHOP use.
Study limitations
This study was done as a retrospective study, and the main aim of this study was to identify new and validate previously known prognostic factors. Authors do acknowledge the inherent limitations of a retrospective study, but we do feel that good sample size of this study acquired over prolonged period does make results reliable. Most of the PTLD treatment guidelines are derived from retrospective studies from different transplant centers, like our study and with contribution from limited prospective trials due to the rarity of this disease [16, 20] . Treatment regimens and dosages used to treat PTLD were as per the current guidelines as per discretion of treating physicians. This study goes back over a prolonged period when EBV PCR was not routinely available or monitored as the standard of care. This value was not available for many patients, especially in the adult population. Also, this study was not focused on epidemiology or incidence of PTLD.
Conclusion
This study, which is one of the largest studies done so far has validated some of the long-established prognostic factors while identifying some new factors and challenging others. We hope this study will further help physicians in making treatment choices based on these prognostic factors.
